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Summary. The possible existence of a chemotropic factor
controlling pearl millet pollen-tube directionality within
the ovary was investigated using three approaches: cyto-
chemical analysis of water-soluble components at the
micropyle, in vitro testing of various chemicals for che-
motropic activity, and an attempt to isolate and charac-
terize an ovarian chemotropic factor. Observations of
pollinated pearl millet ovaries by fluorescence microsco-
py revealed that pollen tubes enroute to the embryo sac
exhibit specific directional turns in the regions of the
style base/ovary juncture, the basal placenta, and the
micropyle. The placenta and the micropylar regions have
water-soluble periodic acid Schiff positive-substances as
well as protein; this extracellular material and the walls
of the micropylar nucellar cells appear to have associated
calcium (Chaubal and Reger 1991). In vitro assays of
pollen-tube behavior in response to a range of external
stimuli revealed that pearl millet pollen tubes exhibit
directional turns in response to: (1) diffusate from ex-
cised pistil tissues; (2) glucose, but not to several other
carbohydrates; (3) calcium (unwashed polygalacturonic
acid-calcium gel); (4) an ovarian water soluble, low mo-
lecular weight, acidic protein. These results which appar-
ently suggest the presence of at least three different po-
tential chemotropic factors in pearl millet ovaries are
discussed in relation to angiosperm chemotropism in
general and the difficulties involved in the search for
possible in vivo chemotropic factors.

Key words: Pennisetum glaucum — Pollen-tube direction-
ality — Chemotropism

Introduction

Fertilization in angiosperms involves sequential interac-
tions of the male gametophyte (the pollen tube) with
the female sporophyte (pistil) and the female gameto-
phyte (embryo sac). The pollen tubes grow intercellularly
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through the pistil tissues and enter the embryo sac with
striking efficiency. Apparently, some control mecha-
nisms operate within pistil tissues to maintain proper
pollen-tube directionality. While mechanical (anatomi-
cal) (reviewed in Heslop-Harrison 1987; Heslop-Har-
rison et al. 1985; Heslop-Harrison and Reger 1988) and
electrical (Marsh and Beams 1945; Zeijlemaker 1956;
Sinyukhin and Baritikov 1967; Wang et al. 1989; re-
viewed in Robinson 1985) controls have been successful-
ly investigated, attempts to identify chemotropic factors
have been made by several investigators using a variety
of techniques (Brink 1924; Tsao 1949; Linck and
Blaydes 1960; Rosen 1961; Mascarenhas and Machlis
1962a, b, 1964; Miki-Hirosige 1964; Welk et al. 1965;
Cook and Walden 1967; Glenk et al. 1971 ; Mulcahy and
Mulcahy 1985, 1987; Hepher and Boulter 1987; Kanda-
samy and Kristen 1987; Sanders and Lord 1989; Rob-
bertse et al. 1990); however, the identity of chemotropic
factors not only remains elusive but their very existence
in situ remains questionable.

In vitro testing of pollen-tube chemotropism to pistil parts and
extracts and to various other substances has a long history (see
reviews, Heslop-Harrison 1987; Mascarenhas 1978; Rosen 1968;
Van Went and Willemse 1984; Vasil 1987). Initially, surveys were
conducted to determine plant species whose pollen showed a che-
motropic response to pistil parts: for example, 13 out of 39 plant
species tested were positive, but of these 2 were responsive to other
floral parts and to leaf tissue as well (Tsao 1949 ; Linck and Blaydes
1960). Surveys were followed by attempts to isolate chemotropic
substances from pistil tissues (Tsao 1949; Mascarenhas and Mach-
lis 1962b; Rosen 1961 ; Miki-Hirosige 1964). Although no chemo-
tropic factor was isolated and identified, results with. Antirrhinum
majus suggested that the positive chemotropic factor was a small
molecule, heat stable, water soluble, and associated with larger
molecules (Mascarenhas and Machlis 1962b). These findings led
to the search for inorganic ions and the discovery that calcium
showed chemotropic activity for pollen of dntirrhinum majus, Nar-
cissus pseudonarcissus, and Clivia miniata (Mascarenhas and Mach-
lis 1964). However, pollen from three other genera, namely Lilium
(Rosen 1964), Oenothera (Glenk et al. 1971), and Zea (Cook and
Walden 1967), did not respond to calcium. Rosen (1971) therefore,
concluded that calcium cannot be the universal chemotropic factor
as originally suggested by Mascarenhas and Machlis (1964). De-
spite this apparent failure the micropyle continues to be a site
where chemotropic control is invoked, as there is a lack of any
mechanical control as well as the presence of secretions (Welk et al.
1965; Chao 1971), in most angiosperms to account for the abrupt
turning of the pollen tubes toward the embryo sac.
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Pollen-stigma interaction studies of normal and tri-
chomeless pearl millet have revealed that the basal cell
complex of the stigma trichome provides the initial guid-
ance for pollen-tube entrance into the stigma axis to
be in the direction of the ovary (Heslop-Harrison and
Reger 1988). In the normal stigma, pollen tubes receiving
their initial cue from the trichome base proceed linearly
through the stigma and style to the ovary. In contrast,
pollen tubes in the mutant (trichomeless) stigma, having
missed the directional cue, grow randomly towards or
away from the ovary, indicating the absence of an over-
riding chemotropic control in the stigma (Heslop-Har-
rison and Reger 1988). Whether mechanical, electrical,
or chemotropic controls are operative in the ovary and
providing directionality to pollen tubes remain to be de-
termined.

Three observations in particular led us to investigate
chemotropic controls in pearl millet ovaries. First, syner-
gid cells of pearl millet and other angiosperms store the
highest concentration of calcium relative to other cells
of the ovary which, among other functions in sexual
reproduction, may control pollen-tube directionality
during the final stages of growth (Chaubal and Reger
19904a, b, 1991). Second, using pyroantimonate precipi-
tation techniques it has been observed that in mature
pearl millet ovaries calcium is probably present in low
amounts along the pollen-tube pathway (appressed to
the outer ovule integument and the micropyle). Third,
pearl millet pollen tubes are abruptly arrested at the
style base/ovary juncture in pistils 1-2 days post-opti-
mum maturity, suggesting an accumulation of some
chemical factor affecting pollen tube growth (Reger and
Sprague 1983). Lower levels of this presumed chemical
could exist in younger ovaries and influence pollen-tube
directionality. Further, calcium could potentially accu-
mulate at the style base/ovary juncture of older ovaries
by diffusion from the ovary wall intercellular spaces,
which also contain high levels of calcium (Chaubal and
Reger 1991). Although these observations suggest the
possible involvement of calcium in pollen-tube guidance,
this element has been extensively tested by others (Mas-
carenhas and Machlis 1964; Rosen 1971; Glenk et al.
1971 ; Cook and Walden 1967) and found to be a chemo-
tropic factor in vitro for some but not all pollens. We
have undertaken a critical examination of chemotropic
responses by pearl millet pollen tubes in vitro that we
hope to correlate with in vivo and in situ data. In the
study reported here we demonstrate the presence of ex-
tracellular periodic acid Schiff (PAS)-positive material
and protein at the micropyle and in vitro chemotropic
responses of pearl millet pollen tubes to glucose, calci-
um, and an ovarian protein.

Materials and methods

Plant material

Seed of male-fertile (Tift 23BE) and male-sterile (Tift 23AE) Penn-
isetum glaucum (L.} R. Br. [=P. americanum (L.) Leeke; P. ty-
phoides (Burm.) Stapf et Hubb.] were supplied by Drs. G. Burton

and W. Hanna, USDA, ARS, Tifton, Georgia. The male-fertile
and male-sterile plants were grown in separate greenhouses.

Fluorescence microscopy

To determine the pollen-tube pathway and possible sites of direc-
tional controls within the ovary in relation to the embryo sac,
controlled pollinations of mature, Tift 23AE inflorescences were
made using pollen from Tift 23BE. Pistils were harvested 6.5 h
after pollination, sufficient time for the pollen tubes to have
reached the embryo sac (Reger and James 1982), fixed in ethanol:-
glacial acetic acid (3:1) for 2-3 h, cleared in 8 N NaOH for 18-24 h,
stained in decolorized aniline blue (DAB, 0.1% aniline blue in
0.1 M K,;PO,, pH 11), placed on microscope slides with a few
drops of DAB, and viewed by epifluorescence microscopy using
a Leitz Orthoplan with filter sets BP420-490, RKP510, LP515 and
BP340-380, RKP400, LP430 (this set was useful in that autofluor-
escence was reduced greatly). Pollen tubes are localized within pistil
tissues by the fluorescence of their inner callosic wall component
following DAB staining (Linskens and Esser 1957). Pollen-tube
directionality was noted in relation to the ovule, placenta, micro-
pyle, and the embryo sac. Nonfluorescence microscopy was also
used. Finally, pistils were gently squashed using an 18 x 18 mm
cover glass for improved viewing and photography of the pollen
tubes at the micropyle.

Cytochemistry

For the staining of PAS-positive substances and protein, mature
unpollinated ovaries from Tift 23AE were fixed by being plunged
into liquid propane at —189 to —191° C and then dried by substi-
tution with anhydrous acetone containing 3.5% glutaraldehyde
(Chaubal and Reger 1990a, 1991). After substitution, samples were
washed with anhydrous acetone (five changes, 5 min each), post-
fixed with 2% OsO, in anhydrous acetone for 2 h at room tempera-
ture, washed with anhydrous acetone (three changes, 5 min each),
and embedded in Spurr’s Resin. Thick sections (0.25-1.0 pm) were
cut using a Reichert MT2B ultramicrotome and a diamond histo-
knife. Sections were collected on acetone-cleaned glass slides and
heated gently (40° C, 4 min) to allow the sections to adhere to
glass. To stain for PAS-positive substances, sections were incubated
with 1% aqueous periodic acid for 1 hin a humid chamber, washed
with distilled water for 5 min, and incubated with Schiff’s reagent
(Sigma) for 6-9 h. To stain for protein, sections were treated with
1% Amido Black 10B (C.I. 20495) in 7% acetic acid. In control
treatments, incubation of the sections with periodic acid prior to
Schiff’s staining was either omitted or replaced with a distilled
water incubation. Additionally, PAS and Amido Black stainings
were also performed with sections of chemically-fixed (3.5% glutar-
aldehyde, 2% OsQ,) ovaries.

Pollen and pollen bioassay

For pollen collection, inflorescences of Tift 23BE undergoing an-
thesis were excised, cleaned of exerted anthers and stigmas, trans-
ferred to water, and brought into the laboratory. Pollen-shed was
promoted by exposure to a 300-W floodlamp. Pollen was collected
from newly exerted and dehiscing anthers and placed in a humid
atmosphere — a square Petri dish with two moistened Kimwipes
and two microscope slides upon which was placed a square of
aluminum foil containing the pollen. The pollen was allowed to
hydrate for 1 h before being used in experiments, and was always
used within 3 h of collection.

Semi-solid media were used throughout these studies. Media
consisted of 10% sucrose (Schwarz/Mann ultra pure), 1 mM
H;BO;, and either 1% agarose [FMC SeaKem (LE), lot no. 70818§]



or 1% IsoGel [FMC agarose, lot no. 62130]. Assays were con-
ducted on microscope slides layered with 0.5 ml solidified medium.
Slides were prepared by adding 0.5 ml molten medium to the slide
and placing a cover glass (no. 1, 24 x40 mm) on top. Prepared
slides were stored in humid boxes for use throughout the day.
For testing, the cover glass was removed, a filter paper disc (What-
man #1, 3 mm diameter) soaked with 1.5 pl test solution was
placed on the medium, pollen was applied in lines at various dis-
tances from the disc using a single, camel-hair bristle brush, and
the test slide was placed in a humid box. Generally, lines of pollen
were placed at 1, 2, 3, and 4 mm from the disc either on the same
slide or on two different slides. Test slides were examined after
1 h and later. Such a microscope slide set-up, where diffusion of
the test material from the disc is fairly rapid, appeared to be suit-
able for pearl millet pollen because of its fast germination (ca.
5 min) and growth (ca. 0.5 mm/h).

Characteristically, pearl millet pollen placed in a line exhibit
tube elongation equally in both directions from the line, thus hav-
ing a “bottle-brush” appearance when observed with a dissecting
microscope (Fig. 5). When pollen tubes respond chemotropically,
pollen-tube extension appears essentially unidirectional because
pollen tubes extending in the opposite direction from the chemo-
tropic factor turn and grow toward the active factor (Figs. 4, 6 A—
C, 7A~C). It was thus possible to visually assess the response of
pollen tubes to the test material without making counts of the
pollen tubes. Pollen grains placed singly as opposed to line place-
ment on the agarose displayed the same turning phenomenon
(Fig. 6C).

Pollen-tube response to pistil-tissue diffusate

To test pollen-tube response to pistil parts, freshly harvested pistils
were separated into stigmas, styles, and ovaries (cut in half longitu-
dinally) by cross-sectional cuts at the base of the stigma and the
base of the style and assayed immediately on the agarose medium.
Pollen was placed in lines 1 mm from each pistil part. Pollen was
also placed appropriately to determine any preferential responses,
e.g., top versus base of style. Sliced ovary halves were placed cut
side down on the agarose, and lines of pollen were applied on
all slides of each half. Pollen-tube directionality was recorded fol-
lowing 1-2 h of incubation in humid boxes.

Pollen-tube response to carbohydrates and amino acids

Carbohydrates were tested for chemotropic activity on the basis
of both the strong chemotropic response to all pistil-tissue exudates
and our previously unpublished data on stigma carbohydrate com-
position showing abundant free glucose (Table 1) and positive Yar-
iv staining of all cut pistil tissues, which is indicative of arabinoga-
lactans. Pectins were included because pollen tubes grow intercellu-
larly within the pistil in an environment of pectic polysaccharides.
Also, pollen and pollen tubes are known to contain and secrete
pectinase (Heslop-Harrison 1979; Pressey and Reger 1989).

Monosaccharides tested included: glucose, 1 mM to 1 M ; arabi-
nose, galactose, fructose, fucose, mannose, and xylose at 1,5 mM
and 1 M.

Polysaccharides tested were arbinogalactan (larchwood) at 35
and 50 mg/ml and f-glucan (barley) at 1 mg/m] and the dry chemi-
cal (without using a disc). In addition, pectin solutions were tested;
they included apple pectin (Sigma P-2157) and citrus fruit pectin
(Sigma P-9135), both of which were without sucrose and other
sugars, and de-esterified polygalacturonic acid (PG) (Sigma P-
1879). Pectin solutions were 5 mg/ml with pH adjusted to 5.5, and
they were tested at 1 and 5 mg/ml.

Some amino acids were tested because leucine and methyltryp-
tophan were reported to be chemotropically active for Oenothera
(Schildknecht and Benoni 1963) and because free asparagine is
abundant in pearl millet stigmas (Evans et al. 1987).
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The amino acids tested were asparagine, 2% (pH adjusted to
5.6); proline, 2% ; leucine, 1% ; tryptophan, 1%.

Carbohydrate composition of stigmas

Approximately 4 g fresh weight of stigmas were harvested, ground
thoroughly with dH,O in a mortar and pestle, and centrifuged
for 15 min at 39000 g. The supernatant was divided into two equal
portions, and one was dialyzed against dH,0. Following dialysis,
both samples were lyophilized. The samples were hydrolyzed by
dissolving in 2 N trifluoroacetic acid and heating at 121° C for
1 h. The free monosaccharides were then reduced and acetylated
according to the method of York et al. 1985. The peracetylated
alditols were analyzed by gas chromatography using a Supelco
2340 column.

Pollen-tube response to calcium

Considerable attention was given to an appropriate in vitro test
of calcium as a possible chemotropic factor for pearl millet pollen
tubes. Inherent problems exist because some calcium in the medium
is required for pollen germination and pollen-tube growth (Brew-
baker and Kwack 1963, 1964); however, this can confound any
response of pollen tubes to an externally applied calcium gradient.
To reduce the level of calcium contamination in the medium, we
used IsoGel [FMC agarose, lot. no. 62130; 139 ug Ca/g agar] in-
stead of agarose [FMC Seakem (LE), lot. no. 70918; 736 pug Ca/g
agar]. The calcium concentration of these agars were determined
from ashed samples, 0.5 g each, with a Jarrell-Ash Model Atom-
Comp direct-reading inductively coupled argon plasma (ICAP)
spectrometer. These agars were also tested for biologically signifi-
cant calcium contamination by observing pollen behavior on them
with and without calcium supplementation. Thus, a 1mM
Ca(NO,), supplementation of the agarose medium, which is opti-
mal for pearl millet pollen germination and pollen-tube growth
in liquid medium, resulted in early tube arrest, indicative of too
much calcium, whereas pollen-tube growth was enhanced on 1 mM
Ca(NO;),-supplemented IsoGel medium. Pear! millet pollen dis-
play the population effect (Brewbaker and Kwack 1963). The ger-
mination of singly placed pollen grains on IsoGel medium was
rare; therefore, lines of pollen were used in all of the bioassays.

Solutions of Ca(NQj;), and CaCl, ranging from 1 mM to 1 M
were tested using 1.5 ul per disc; however, results were inconsistent,
indicating that gradients may not have been properly established.
Dry-powder forms of Ca(OH), and CaCOQ;, and pectin-calcium
gel were tested without the use of discs. The pectin-calcium gel
was prepared by mixing thoroughly 1 ml 5 mg/ml de-esterified PG
(pH adjusted to 5.5) and CaCl, or Ca(NO3), (e.g., 50 Wl 1 M CaCl,
for a final concentration of 50 maf) in a 1.5-ml microfuge tube
and centrifuging the mixture in a Beckman microfuge B (maximum
8733 g) to pellet the gel. The supernatant was discarded, and a
small portion of the unwashed gel was removed with a spatula,
carefully blotted of excess solution, and placed on the IsoGel slide
for testing. The controls included CaCl, and Ca(NO,), (1 mM
to 1 M), 1 and 5 mg/ml of the stock PG, and dH,0, 1.5 pul applied
to the test discs; pectin-calcium gel washed 3 times with dH,0
before testing; unwashed pectin-calcium gel tested on Isogel medi-
um supplemented with 1 mM CaCl, or Ca(NO;),.

Tissue extracts and separation

Pistil tissues were harvested with the aid of a dissecting microscope.
Following lemma and palea removal from each floret the pistil
was subdivided into stigma, style, and ovary. Pistil tissues (i.e.,
stigmas, styles, and ovaries) were kept on ice during collection
and then were either used immediately or frozen in liquid N, and
stored at —80° C for use later.
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Prior to separation of tissue water-extracts by ion-exchange
chromatography, water-extracts were obtained as described below,
and the following fractions were tested for chemotropic activity:
homogenate pellets and supernatants; supernatant fractions
smaller than 10 kDa, larger than 10 kDa, and heat-treated ones
(10 min in boiling H,O-bath) larger than 10 kDa. Generally, the
non-heat-treated fractions larger than 10 kDa and the homogenate
pellets were active chemotropically (some positive evidence for the
fraction smaller than 10 kDa with high dilution). Homogenate pel-
lets remained positive even after two H,O washes, 1 M NaCl wash
followed by two H,O washes, and 0.2 M CaCl, wash followed
by two H,O washes. Fractions larger than 10 kDa on IEF gel
electrophoresis (described below) revealed ovarian proteins to be
acidic; therefore, further fractionation by ion exchange was per-
formed using a Mono Q anion column.

Water-extracts were obtained from collected tissues (stigmas,
styles, and/or ovaries) using glass homogenizers. Homogenates
were centrifuged for 15 min at 39000 g. The supernatants were
desalted and concentrated using Centricons, 10000 MW cutoff. Su-
pernatants were fractionated by ion exchange using a Mono Q
(anion; 0.02 M NaOAc, pH 6.0 and 0-1.0 M NaCl) column and
a fast protein LC Pharmacia System. Fractions were collected and
assayed for chemotropic activity. Active fractions were desalted,
concentrated, and characterized electrophoretically. Where appro-
priate, harvested tissue homogenates, supernatants, and ion-ex-
change fractions were kept at 0°-2° C. Protein was determined
by the method of Lowry et al. (1951). The Pharmacia Phast System
was used to run Native-PAGE Phast Gel 8 to 25 gradient gels
and Phast Gel IEF 3 to 9 gels. Gels were fixed and stained with
Coomassie and silver according to the Pharmacia Phast System
instructions. Identical Native-PAGE gels were also fixed and
stained with Stains-all according to Campbell et al. (1983).

Carbohydrate analysis of the active fraction as determined by
bioassay and flanking inactive fractions of an ovarian preparation
separated using the Mono Q column was performed as described
earlier.

Based on the results of these experiments (positive chemotropic
response to potential calcium-binding ovarian protein, possibly gly-
coprotein, and persistent pollen-tube attraction to homogenate pel-
lets), the following proteins were tested for chemotropic activity:
calmodulin (1.7 mg/mi+1 mM Ca**), ovalbumin (1 mg/ml), car-
bonic anhydrase (1 mg/ml), crude glucose oxidase (1 mg/ml),
myoglobin (1 mg/ml), and peroxidases (horseradish) (1 mg/ml) Sig-
ma P-1014 type VIII (acidic), Sigma P-1139 type IX (basic), and
Sigma P-8375 type VI: 2 (basic).

Results
In vivo pollen-tube pathway

Observations by fluorescence microscopy revealed that
pollen tubes entering the ovary appear to splay out and
grow downward over the outer ovule integument, be-
tween the inner ovary wall and the outer ovule integu-
ment, toward the rudimentary basal placenta (Figs. 1,
2A, B). Pollen tubes appear to avoid growing in the
direction that would lead to a path between the inner
ovary wall and the incomplete ovule integuments, which
appears to be the shortest route to the micropyle and
embryo sac (Figs. 1, 2A). Once the placental region is
reached, pollen tubes turn (Fig. 2B) and continue their
passage between the placenta and outer ovule integu-
ment to the micropyle, where they turn and grow inter-
cellularly through the nucellus to the embryo sac
(Fig. 20).

Cytochemistry

In median longitudinal sections of pear]l millet ovaries,
the micropyle appears as an opening a few cell layers
below and lateral to the embryo sac. Ovule integuments
extending from the micropylar end of the ovary are
prominent at the micropyle. Chalazally extending inte-
guments do not reach the micropyle (Fig. 1). In freeze-
fixed ovaries treated with the PAS reagent, a dense red
staining extracellular material appressed to surfaces of
the inner and outer ovule integuments in the micropylar
region was observed (Fig. 3A, B). Some PAS-positive
extracellular material was also localized along the outer
ovule integument extending from the micropylar end
(Fig. 3A). The filiform apparatus also stained strongly
with PAS (Fig. 3C). In some sections a few nucellar cells
between the micropyle and the filiform apparatus were
faintly stained and apparently degenerated. No staining
was observed in sections treated with the PAS reagent
without prior periodic acid incubation. In unstained as
well as PAS-stained sections the extracellular material
at the micropyle and appressed to the ovule integument,
as well as the filiform apparatus stained dense blue when
stained with Amido Black 10B (Fig. 3A-C), indicating
the presence of protein. In chemically fixed ovaries the
extracellular material was not observed, apparently due
to its loss during sample preparation; the filiform appa-
ratus stained faintly with both PAS and Amido Black
10B.

Pollen-tube response to pistil parts, carbohydrates, and
amino acids

Strong, positive chemotropic responses were observed
by pearl millet pollen tubes to all pistil-part diffusates

Fig. 1. Diagram of a pollinated pearl millet ovary. 4 Antipodals,
CC central cell, E egg cell, II inner integument of the ovule, M
micropyle, OI outer integument of the ovule, OL ovary locule,
OW ovary wall, P placenta region, S synergid cell, PT pollen tube.
Note pollen-tube path in relation to the embryo sac

Fig. 2A~C. Fluorescence microscopy of pollen tubes in an ovary
6.5 h after pollination. A Orientation of the ovary and fluorescing
pollen tubes are as diagrammed in Fig. 1. The arrowhead indicates
the location of the egg apparatus. x 60. B Same ovary as seen
in Fig. 2A turned 90° to view fluorescing pollen tubes from placen-
tal side. Abaxial view in relation to the embryo sac. Note pollen
tubes in the placental region turn toward the micropyle (arrows).
x 60. C Same ovary as seen in Fig. 2A squashed gently to show
turning of a pollen tube at the micropyle. x 160

Fig. 3A-C. Longitudinal sections of freeze-substitution fixed pearl
millet ovaries treated with the PAS reagent followed by Amino
Black 10B staining for protein. A Note staining of the extracellular
material appressed to the ovule integuments in the micropylar re-
gion (arrowheads). The PAS-positive material and protein are also
present in the filiform apparatus (arrowhead). x 60. B Higher mag-
nification of the PAS-positive and protein extracellular material
at the micropyle (M). The extracellular material occurs closely ap-
pressed to the outer ovule integument. x 60. C Higher magnifica-
tion of the egg apparatus showing PAS staining of the filiform
apparatus (FA4). x 239
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Fig. 4. Chemotropism by pearl millet pollen tubes to diffusate from
a sliced pearl millet ovary. Note that pollen-tube growth is in the
direction of the ovary tissue. x 8. Similar responses were observed
for diffusates from stigma and style tissues. Fig. 5. Pearl millet
pollen displaying bidirectional growth from line-placed pollen.
Note that in this control treatment tube growth (ca. 3 h) is equal
in both directions from line of pollen. x 12. Fig. 6 A—C. Positive
chemotropic response by pearl millet pollen tubes (1 h) to glucose.
A Disc with 1.5 ul 1 M glucose and line of pollen 2 mm from
the disc. x 14. B Higher magnification of pollen showing unidirec-
tional pollen-tube growth pattern. The arrowheads indicate pollen
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tubes that have turned toward the disc. x24. C Clump of four
pollen grains 3 mm from the disc. Note extreme turn (arrowhead)
by one tube in the clump. Singly placed grain in upper left corner,
approximately 4 mm from the disc, also shows turning (arrowhead).
x 35. Fig. 7A-C. Positive chemotropic response by pearl millet
pollen tubes (2 h) to pectin-calcium gel. A Pectin-calcium gel with
lines of pollen placed 1 and 2 mm from gel. Note the unidirectional
pollen-tube growth pattern toward the pectin-calcium gel. x8. B
Higher magnification of {-mm pollen line. Arrowheads indicate
turned pollen tubes. x 18. C Higher magnification of the 2-mm
pollen line. Note turned pollen tubes (arrowheads). x 17




Table 1. Carbohydrate composition of pear] millet stigmas

Monosaccharide ~ Non-dialyzed — Dialyzed Free
ug/g fresh weight

Rhamnose 13.34 6.14 7.20
Arabinose 149.74 126.16 23.58
Xylose 88.20 41.02 47.18
Mannose 90.26 55.38 34.88
Galactose 210.26 112.80 97.46
Glucose 1448.20 85.00 1364.10

and to glucose (100 mM and 1 M/disc) (Fig. 6A-C).
Only bidirectional tube growth (Fig. 5) occurred when
tests were conducted using arabinose, galactose, fruc-
tose, fucose, mannose, xylose, arabinogalactan, f-glu-
can, apple pectin, citrus fruit pectin, de-esterified PG,
asparagine, proline, leucine, and tryptophan. Pearl miliet
stigmas contain arabinogalactans and very high amounts
of free glucose (Table 1). One millimolar glucose supple-
mented to the agarose medium greatly diminished pol-
len-tube response to pistil-part diffusates, i.e., there was
more Dbidirectional than unidirectional pollen-tube
growth.

Pollen-tube response to calcium

Pearl millet pollen tubes responded chemotropically pos-
itive to unwashed pectin-calcium gel (Fig. 7A—C). We
suspect that this substance provided a slow release of
adhering calcium, which set up an appropriate gradient
on the IsoGel medium for pollen-tube response. No che-
motropic response was observed when the IsoGel medi-
um was supplemented with 1 mM CaCl, or Ca(NQ,),,
the pectin-calcium gel was washed thoroughly with
dH,0, or when the pectin solutions were tested.

Tissue extracts and separation

Generally, chemotropic activity was observed with stig-
ma, style, and ovary water-extracts of fractions larger
than 10 kDa, and activity was lost after boiling. Pellets
resulting from the centrifugation of tissue homogenates
of all pistil parts remained very active chemotropically,
and this activity was not lost with water and salt washes.
Fractions smaller than 10 kDa were inhibitory unless
very dilute.

IEF gel electrophoresis of stigma, style, and ovary
water-extracts from 400 pistils showed the style and ov-
ary to have mainly acidic proteins, while the stigmas
were found to contain both acidic and basic proteins
(Fig. 10A). Figure 8 illustrates the Mono Q separation
profiles of fractions larger than 10 kDa from water-ex-
tracts of stigmas, styles, and ovaries (dissection and sub-
division of 400 pistils). Different sensitivity scales were
used because of major differences in protein concentra-
tion between the stigma, style, and ovary. Ovaries have
approximately 6 times and 13 times more protein than
stigmas and styles, respectively. Chemotropic activity
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Fig. 8. Profiles of water-extracts of 400 pearl millet pistils (subdi-
vided into stigmas, styles, and ovaries) separated using Mono Q
anion exchange column chromatography

Fig. 9. Positive chemotropic response of pearl millet pollen tubes
to fraction 21 of a pearl millet ovarian water-extract separated
using Mono Q anion column chromatography (see Fig. 8). All
other fractions were chemotropically inactive. x 16

was observed in fraction number 21 (Fig. 9) in this and
other preparations. Ovarian fractions number 20, 21,
and 22 were combined, dialyzed, concentrated and ana-
lyzed electrophoretically. Native-PAGE of an aliquot of
the ovarian preparation larger than 10 kDa prior to sep-
aration on Mono Q and the Mono-Q-separated, active
fraction revealed the active fraction to be of low MW;
this low MW fraction was also present in the initial
preparation (Fig. 10B). The lowest MW marker protein
was 14.4 kDa, and the active fraction (two bands) was
slightly less. This fraction also stained blue with Stains-
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Fig. 10A, B. Electrophoretic characterization of tissue water ex-
tracts and ovarian chemotropically active fraction (no. 21 and
flanking tubes; see Fig. 8). A Coomassie blue-stained IEF markers
and water extracts of the 400 stigmas, styles, and ovaries prior
to Mono Q separation and the silver-stained ovarian, chemotropi-
cally active fraction following Mono Q separation. Note major
band, approximately pl 4.9, and minor band, approximately pl
4.3. B Silver-stained native-PAGE of Pharmacia low molecular
weight markers, ovarian water extract prior to Mono Q anion
separation; and ovarian, Mono Q separated, chemotropically ac-
tive fraction. The molecular weight of the chemotropically active
fraction is less than the lowest molecular weight marker of
14.4 kDa

all, indicating that it may be a calcium-binding protein.
However, more protein is needed to run the appropriate
controls for firmly establishing this since heavily phos-
phorylated proteins also stain blue (Campbell et al.
1983). IEF of the active fraction revealed a major band
with a pl of approximately 4.9 and a minor band with
a pl of approximately 4.3 (Fig. 10A). Carbohydrate
analysis of an ovarian, active Mono Q fraction equiva-
lent to fractions number 20, 21, and 22 and an inactive
fraction equivalent to number 24 showed very little car-
bohydrate. Of the low amount of carbohydrate present,
the active fraction contained 6.5% xylose, 21.9% man-
nose, and 71.6% glucose, and the inactive fraction con-
tained 17.8% xylose and 82.1% glucose. The carbohy-
drate composition of these fractions may be indicative
of glycoprotein.

No chemotropic response was observed to the follow-
ing proteins: calmodulin + Ca* ™", ovalbumin, carbonic
anhydrase, crude glucose oxidase, myoglobin, and acidic
and basic peroxidases.

Discussion

In the ovary of pearl millet sites of pollen-tube direction-
al control as evidenced by fluorescence microscopy are
possible at the top of the ovary, at the placental region,
and at the micropyle. In conjunction with the known
function of stigma trichomes to mechanically direct pol-
len tubes toward the ovary (Heslop-Harrison and Reger
1988), this indicates that in pearl millet pollen tubes
reach the micropyle by responding to signals at different
strategic locations. The propensity of pollen tubes to
remain in the raphal region and the lack of resolvable
ovule integuments in the chalazal region suggest that
pollen tubes may perceive another mechanical cue from
the ridged epidermis of the raphe, as suggested for Zea
(Heslop-Harrison et al. 1985), and thus be guided from
the top to the base of ovary. However, detailed cytologi-
cal investigation is needed to determine this. Once the
pollen tubes reach the placenta their turning toward the
micropyle may be either mechanical (following the ovary
locule) or chemical (secretions). The turning of the pol-
len tube at the micropyle toward the embryo sac is not
obviously mechanical, and as such is another potential
site for chemotropic control in pearl millet, as well as
in most angiosperms. The cytochemical data presented
here confirm in pearl millet the earlier findings in Pas-
palum (Chao 1971, 1977) regarding the presence of these
extracellular water-soluble substances, PAS positive and
protein, in the vicinity of the micropyle. In pearl millet
ovaries the location of these substances and associated
low amounts of calcium (Chaubal and Reger 1991) pre-
cisely corresponding to the pollen-tube pathway from
the placental region to the micropyle may be indicative
of their possible involvement in controlling pollen-tube
directionality in this region.

In vitro studies demonstrated that pearl millet pollen
tubes respond chemotropically positive to pistil-part dif-
fusates, glucose, calcium, and an ovarian protein. The
positive response of pearl millet pollen tubes to diffu-
sates of all pistil parts is probably due to abundant
amounts of free glucose since supplementing the agarose
medium with glucose diminished the chemotropic re-
sponse. However, based on our observation of a persis-
tent positive response of the pollen tubes to washed tis-
sue homogenates, other factors could be involved. Al-
though some calcium must also be present in the diffu-
sates, it is doubtful that the observed response was to
it as the tests were conducted on agarose rather than
IsoGel.

Despite the use of relatively calcium-free media and
the achievement of good germination (90%) by line
placement of pollen, the positive response by pearl millet
pollen to externally supplied calcium salts and solutions
at various concentrations and distances appeared diffi-
cult to reproduce consistently except when unwashed
pectin-calcium gel was used. It seems that only the pec-
tin-calcium gel established a calcium gradient that was
compatible with the germination time and elongation
rate of pearl millet pollen. Through a comparison of
our results with reports on a positive (4. majus) and



lack of chemotropic response (Lilium and Zea) to calci-
um, another limiting factor in the establishment of an
appropriate gradient becomes evident. The calcium re-
quirements for the germination and tube elongation of
a pollen may be different. If the calcium requirement
for pollen-tube elongation is cither similar to or less than
that required for germination, the calcium needed to
obtain germination (supplied externally or through the
phenomenon of the population effect) will have already
surpassed the level required for an appropriate gradient
of calcium to which a pollen tube can respond. In A.
majus (Mascarenhas and Machlis 1964), the exiting of
polien tubes growing within a pollen clump in response
to external calcium suggests that their calcium require-
ment for tube elongation may not have been optimally
fulfilled in the clump. In contrast, the exiting of Lilium
pollen tubes without any externally supplied calcium
(Welk et al. 1965) and the ability of singly placed pollen
grains to germinate and elongate normally (Rosen 1971)
suggests that the calcium requirements for Lilium pollen
germination and tube elongation are not different. In
Zea the optimum calcium requirement for germination
is 300 ppm (2.7 mM) CaCl,; its calcium requirement
for tube extension is lower than this because a few pollen
grains that germinated at 50 ppm (0.45 maAf) CaCl, ex-
hibited normal pollen-tube growth rates, and on aque-
ous media pollen tubes grew into regions that did not
support pollen germination (Cook and Walden 1967).
In pearl millet the high germination of line-placed pollen
and the bidirectional elongation of pollen tubes in both
low calcium-contaminated medium (IsoGel) and on
agarose without calcium supplementation, and the posi-
tive response to an apparently appropriate calcium gra-
dient established through the use of pectin-calcium gel
suggests that the optimal calcium requirement for tube
elongation is slightly higher than that required for germi-
nation. Such a narrow difference between calcium re-
quirements for pollen germination and tube elongation
in pearl millet would make the establishment of appro-
priate gradients in vitro difficult.

Pollen-tube growth has been shown to occur by tip
elongation resulting from the fusion of polysaccharide
particles (Heslop-Harrison and Heslop-Harrison 1982),
and data from in vitro studies have shown the control
of these processes by optimum levels of calcium (Picton
and Steer 1982, 1983, 1985; Steer and Steer 1989); thus,
directional changes of a pollen tube could occur by
something such as calcium momentarily affecting tip
growth (Mascarenhas 1978). While it is tempting to
think that calcium may be involved in the pollen tube
turning at the micropyle, based on our knowledge of
the above and that high concentrations of calcium are
stored in synergids, the presence of calcium in adjacent
nucellar cell walls (Chaubal and Reger 1991), and the
in vitro demonstration of calcium as a chemotropic
agent, we have no direct evidence as yet to support this
hypothesis. At least two other chemotropic factors, glu-
cose and the ovarian protein, must be considered as well.
Determining how these additional factors affect pollen-
tube directionality and their location in situ in conjunc-
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tion with the proposed cryo studies for calcium (Chaubal
and Reger 1991) should lead to an understanding of
this commonly observed phenomenon.

This is the first demonstration of positive chemotrop-
ism by a pistil protein, specifically an ovarian protein.
It is water soluble, has a very low molecular weight (less
than 14.4 kDa), and is very acidic (ca. pl 4.9). Further
characterization of this protein is underway, including
studies to establish with certainty preliminary indica-
tions that it is a highly phosphorylated glycoprotein and/
or a calcium-binding glycoprotein.

This study makes apparent a few major limitations
in the overall understanding of chemotropism in pearl
millet ovaries. Although glucose, calcium, and an ovar-
ian protein have been identified as being chemotropically
positive through in vitro bioassays, some additional fac-
tors, possibly present in homogenate pellets, may remain
to be identified. In situ localization of all these factors,
particularly free water-soluble glucose and calcium, may
not always be possible. While there is an indication of
how calcium affects tip growth and pollen-tube di-
rectionality in vitro, this remains to be determined for
glucose and the ovarian protein. Finally, considering in-
direct information such as the co-localization of calcium
with PAS-positive substances and protein in vivo, the
possible calcium-binding properties of the ovarian pro-
tein, and perhaps even the effect of free glucose on potas-
sium and calcium channels as in insulin-producing cells
(Henquin 1987; Meats et al. 1989; Satin and Cook 1985)
necessitates investigations to determine whether these
factors operate interactively.
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